We examined whether repeated reactivations of a context memory would prevent the typical amnesic effects of post-training damage to the hippocampus (HPC). Rats were given a single contextual fear-conditioning session followed by 10 reactivations, involving a brief return to the conditioning context (no shock). Subsequently, the rats received sham or complete lesions of the HPC. When tested for retention, the HPC rats that experienced the reactivations froze significantly more than nonreactivation HPC rats and did not significantly differ from their respective control group. These findings suggest that memory reactivations contribute to long-term memories becoming independent of the HPC.
There is general consensus that damage to the hippocampus (HPC) causes retrograde amnesia, a deficit in remembering memories acquired prior to the onset of the damage. In some instances, recently acquired memories seem more likely to be lost following HPC damage than remotely acquired memories (Scoville and Milner 1957; Winocur 1990; Zola-Morgan and Squire 1990 ). This phenomenon is termed temporally graded retrograde amnesia and is taken as evidence that memories undergo long-term consolidation, meaning that memories change over a protracted time period from being HPC-dependent to being independently represented in other networks (e.g., neocortex) (McClelland et al. 1995; Nadel and Moscovitch 1997; Squire et al. 2004; Frankland and Bontempi 2005; Winocur et al. 2010) .
Distributed Reinstatement Theory, however, is an alternative account for how memories may become independent of the HPC ). This view suggests that each time an event is reexperienced there is incremental strengthening of the memory in non-HPC systems leading to one that is increasingly more resistant to HPC damage. Thus, the passage of time is not the central feature for how memories become independent of the HPC, though it does offer more opportunity for reinstatements. A recently published study examining the effects of complete HPC damage on contextual fear conditioning in rats strongly supports this view (Lehmann et al. 2009 ). Contextual fear conditioning typically involves pairing a configuration of static cues, or context, with an aversive event (e.g., foot shock), such that when the rats are returned to the context they show fearrelated behaviors (e.g., freezing) that can be used as indices of memory. Several studies suggest that damage to the HPC can cause temporally graded retrograde amnesia in this task Anagnostaras et al. 1996; Maren et al. 1997; Wang et al. 2009; Winocur et al. 2009 ), though compelling findings also refute the possibility that remote memories for contextual fear conditioning can be spared following HPC damage (Lehmann et al. 2007b; Sutherland et al. 2008) . Nevertheless, contextual fear conditioning can survive complete HPC damage if it was acquired over several sessions rather than in a single conditioning session (Lehmann et al. 2009 ). Therefore, distributed reinstatements or the distribution of the learning experience enables other brain areas to acquire and retain a contextual conditioning representation that does not critically require the HPC.
Memory reactivation, triggering recall or cued retrieval, induces new protein synthesis and causes changes in neuronal plasticity . Cued-retrieval plasticity has been observed in the HPC (Debiec et al. 2002; Lee et al. 2004 ) and other regions, such as the amygdala (Nader et al. 2000; Duvarci et al. 2008 ), perirhinal (Romero-Granados et al. 2010 , entorhinal (Kelly et al. 2003) , and prefrontal cortices (Romero-Granados et al. 2010) . The purpose of cued-retrieval plasticity is unclear, but it has been proposed that it leads to memory updating and transformation (Sara 2000a; Dudai and Eisenberg 2004; Lee 2009; Hardt et al. 2010) including the strengthening of a memory (Sara 2000b; Lee 2008) . We thus examined whether cued retrieval may be similar to that of reexperiencing an event as proposed by Distributed Reinstatement Theory. More specifically, we examined whether memory reactivation may be a sufficient reinstatement process for making contextual fear conditioning memories become resistant to extensive HPC damage in rats. Noteworthy, this question contrasts with the majority of the reconsolidation research that has focused on examining how memories become vulnerable in the hours that follow a reactivation.
Adult male rats were given a single contextual fear conditioning session followed by 10 reactivations distributed over 5 d (Reactivation condition). Specifically, on day 1, rats were placed in a conditioning chamber and received 10 shocks (0.75 mA/2 sec) over 15 min. For the following 5 d, the rats were returned to the same context for 15 sec in the morning and again for 15 sec in the afternoon to induce memory reactivation. Importantly, no shock was delivered during these reactivations. One to 3 d after the last reactivation, the rats either received sham surgery or neurotoxic lesions of the entire HPC (see Lehmann et al. 2007a ). Ten to 14-d after surgery, each rat was returned to the conditioning context for a 5-min retention test during which freezing, defined as complete immobility except for breathing, was used as an index of memory. Given that it was predicted that reactivations would mitigate HPC-induced amnesia, another condition was included as a positive control for the typical retrograde amnesic effects of HPC damage on contextual fear conditioning. In this condition, rats received 10 brief preexposures to the context followed by a single contextual fear conditioning session (Preexposure condition). The preexposure procedure was identical to the reactivation procedure (15 sec; twice a day for 5 consecutive days) with the exception that it was given prior to the single 10-shock fearconditioning session. Thus, the amount of time spent in the conditioning context as well as the number of shocks received was exactly the same for the rats in the Preexposure and Reactivation condition. The Preexposure rats then received surgery 7 to 9 d after the single-shock session, an interval that matches that of the Reactivation condition and eliminated long-term consolidation as a possible confound between conditions. The retention test for the rats in the Preexposure condition was identical to those in the Reactivation condition. Figure 1 illustrates the experimental design.
HPC damage caused retrograde amnesia for the rats in the Preexposure, but not Reactivation, condition (Fig. 2 ). An ANOVA with between-group factors condition (Preexposure and Reactivation) and lesion (Sham and HPC) revealed a significant main effect of lesion (F (1,32) ¼ 19.325, P , 0.001), but no significant effect of condition (F (1,32) ¼ 0.454, P ¼ 0.505). However, the lesion × condition interaction was significant (F (1,32) ¼ 5.504, P , 0.05), indicating that the lesion effect differed according to whether the rats were in the Preexposure or Reactivation condition. Least significant difference (LSD) pairwise comparisons revealed that the HPC rats in the Preexposure group froze significantly less than their respective Sham group (P , 0.05), suggesting that the HPC damage impaired memory. In contrast, the HPC rats from the Reactivation condition did not freeze significantly less than their respective Sham group (P ¼ 0.158) and froze significantly more that the HPC rats in the Preexposure condition (P , 0.05), suggesting that HPC damage induced after reactivations failed to impair memory. Also, the repeated reactivations did not cause substantial extinction because no significant difference was found between the two Sham groups (P ¼ 0.232).
To be included in the study the lesion rats had to have sustained at least 75% damage to the HPC (see Lehmann et al. 2010) and no substantial damage outside the targeted region. Figure 3 illustrates and summarizes the histological findings. It is estimated that an average of 84.1% of the HPC was damaged in the Reactivation condition, 88.7% in the Preexposure condition, and no significant difference was found between both groups (t (15) ¼ 1.562, P ¼ 0.139). Clearly, the amount of HPC damage for both lesion groups was extensive and exceeded, or was comparable, to that of other studies investigating the effects of HPC damage on memory Maren et al. 1997; Anagnostaras et al. 1999; Lehmann et al. 2007b; Sutherland et al. 2008) . Therefore, it is highly unlikely that the better retention test performance of the HPC-Reactivation vs. the HPC-Preexposure group can be accounted for by differences in extent of HPC damage.
The current findings demonstrate that repeated cued retrievals of a HPC-dependent memory causes strengthening of a representation in other brain areas that ultimately can be expressed without necessary contribution of the HPC. The retrograde amnesia following HPC damage in the Preexposure rats confirms that contextual fear conditioning acquired in a single session normally depends on the HPC Maren et al. 1997; Anagnostaras et al. 1999; Lehmann et al. 2007b; Sutherland et al. 2008; Winocur et al. 2009 ). Yet, the HPC rats from the Reactivation condition did not show deficits compared with their respective control group and showed significantly better retention than the HPC rats from the Preexposure condition. This spared memory following distributed reactivations implies that a non-HPC system supported expression during the retention test. One could argue, however, that the undamaged HPC tissue ( 15%) in the Reactivation condition actually supported the memory because the reactivations created a stronger and/or more distributed representation in the HPC. This would be consistent with a tenet of the Multiple Trace Theory that argues that some memories are more resistant to HPC damage because they have developed more traces across the HPC. However, no significant correlation (r (8) ¼ 0.294, P ¼ 0.474) was found between the amount of remaining tissue and retention performance in the Reactivation condition, suggesting that any remaining tissue in the HPC unlikely accounted for the spared memory. Moreover, Figure 1 . Illustration of the experimental design used in the Reactivation condition (A) and the Preexposure condition (B). In A, the rats were initially placed in the conditioning chamber for 15 min and received the first of 10 foot shocks (0.75 mA/2 sec) at the 300-sec mark and then one every following 58 sec after shock offset. For the next 5 d, the rats were returned to the context for 15 sec in the morning and then again in the afternoon to induce a total of 10 distributed reactivations. Importantly, no shocks were delivered during these reactivation sessions. One to 3 d after, the rats received sham or HPC damage (Sx) and approximately 10 d after the rats were returned to the chamber to assess freezing over a 5-min retention test. In B, the rats were placed in the conditioning chamber for 15 sec in the morning and again in the afternoon for 5 consecutive days. On the sixth day, the rats received a 10-shock conditioning session identical to the one previously described for the rats in the Reactivation condition. The rats received sham or HPC damage 7 -9 d later. A 5-min retention test was given approximately 10 d later. Noteworthy, the number of shocks, context exposure time, and interval between the actual context-shock pairing session and surgery were matched between both conditions. The Preexposure-HPC rats showed significantly less freezing ( * P , 0.001) than the Preexposure-Sham rats, suggesting that the lesions caused profound retrograde amnesia for contextual fear conditioning learned in a single session 7 -10 d before surgery. The Reactivation-HPC rats, however, did not suffer from retrograde amnesia because they did not freeze significantly less than the Reactivation-Sham rats (P ¼ 0.158). Moreover, the HPC rats from the Reactivation condition froze significantly more than the HPC rats from the Preexposure condition (#P , 0.05). Thus, distributed reactivations mitigated the retrograde amnesic effects of HPC damage in contextual fear conditioning and enabled the strengthening of HPC independent memory.
the lesions in the current study are as large, and often larger, than those found in other studies that also claim that memories can become independent of the HPC (for example, see Maren et al. 1997; Anagnostaras et al. 1999; Ross and Eichenbaum 2006; Tse et al. 2007; Quinn et al. 2008; Wang et al. 2009; Winocur et al. 2009; Broadbent et al. 2010) .
The majority of memory reactivation studies have examined reconsolidation processes and how memories become subject to modification in the minutes or hours that follow a reactivation. For instance, extensive evidence suggests that pharmacological manipulations, such as giving protein synthesis inhibitors and adrenergic antagonists, can cause amnesia when given soon after a reactivation (Przybyslawski et al. 1999; Nader et al. 2000; Debiec et al. 2002; Duvarci et al. 2008; Milton et al. 2008; Robinson and Franklin 2010) . Likewise, memory can be pharmacologically enhanced immediately following a reactivation (Tronson et al. 2006 ). It has also been shown that additional learning trials may strengthen a memory by enabling cellular reconsolidation processes that are dissociable from the consolidation of new information (Lee 2008) . These findings have led to the view that memories become labile following reactivation and undergo updating and transformation, including the addition of new information, strengthening, or the distortion of the original memory (Sara 2000a; Dudai and Eisenberg 2004; Lee 2009; Hardt et al. 2010) . The current findings, however, offer a slightly different perspective on the role of reconsolidation in memory transformation and strengthening. Here we show that reactivation, uncomplicated by the presentation of the reward or unconditioned stimulus (i.e., shock), enables the strengthening and/or expansion of the neural network supporting the original memory. Thus, this is an instance in which memory was strengthened solely through triggering retrieval. Moreover, a key and novel feature of this study is that the cued retrieval and its ensuing reconsolidation processes made a memory become independent (i.e., not critically required) of a neural system it initially required on and ultimately less vulnerable to insult.
Mechanistically, reactivation-induced protein synthesis most likely accounted for the strengthening of the memory in non-HPC systems. New protein synthesis occurs in several brain regions following memory reactivation (Nader et al. 2000; Debiec et al. 2002; Kelly et al. 2003; Duvarci et al. 2008; Romero-Granados et al. 2010) . In contextual fear conditioning, reactivation-induced protein synthesis has been demonstrated in the HPC (Lee et al. 2004 ) and amygdala (Duvarci et al. 2008) . Given that a non-HPC system supported the memory, then the amygdala is the most likely structure to have benefited from the repeated reactivations. Nonetheless, regions such as the rhinal and cingulate cortices that are known to play major roles in supporting contextual fear memories (Bucci et al. 2000; Frankland et al. 2004 ) may have also undergone reactivation-induced plasticity and contributed to the support of the HPC-independent memory. Sutherland et al. (2010) recently theorized that distributed reinstatements could rapidly strengthen a normally HPC-dependent memory in non-HPC systems. The theory argues that for some memories the HPC interferes with or overshadows the formation of an independent representation in non-HPC systems. In this instance, successful retention performance requires the HPC. However, the theory also proposes that each reinstatement of an event may cause incremental strengthening of a non-HPC representation and that after a sufficient number of reinstatements the non-HPC system may support retention and recall without necessary contribution from the HPC. The latter has been similarly proposed by Rudy and O'Reilly (2001) , and recent evidence clearly supports the view that a memory acquired over distributed rather than massed learning is more likely to become independent of the HPC. For instance, contextual fear conditioning acquired over 11 conditioning sessions is not affected by post-training HPC damage, whereas fear conditioning acquired in a single massed session is severely impaired (Lehmann et al. 2009 ). Similarly, object recognition memory, which is typically dependent on the HPC, becomes less vulnerable to HPC damage by increasing the number of learning sessions from 5 to 30 . Thus, additional learning sessions may enable non-HPC systems to establish a representation that can independently support performance on a retention test. An interesting feature of the current study for Distributed Reinstatement Theory is that the reinstatements did not require that all features of the original learning episode be present. Simply triggering retrieval by returning the rats to the conditioning context was sufficient to strengthen a representation in non-HPC systems.
Since Scoville and Milner (1957) described temporally graded retrograde amnesia following a medial temporal lobectomy in well-known patient H.M., the HPC has generally been viewed as a temporary contributor to long-term memories until they become consolidated in neocortical areas (McClelland et al. 1995; Nadel and Moscovitch 1997; Squire et al. 2004; Frankland and Bontempi 2005; Winocur et al. 2010) . Although temporally graded retrograde amnesia following HPC damage has been reported across species and in a variety of tasks (see Squire et al. 2004; Winocur et al. 2010 ), the phenomenon is still questioned because a large body of evidence also demonstrates that the simple passage of time is insufficient for memories to become HPC independent (see Sutherland et al. 2010) . The current findings do not disconfirm that reorganization of memories may occur over a protracted time period, but they suggest that it is not a Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from necessary feature. Specifically, the present findings show that reactivations distributed over a period too short for systems consolidation can increase/strengthen the neural network supporting a memory and make it less vulnerable to HPC insult.
In conclusion, the neural network supporting a contextual fear conditioning memory was strengthened by distributed reactivations, to the point that a normally HPC-dependent memory no longer required the HPC for successful expression. That reactivations can cause a memory to rely on additional neural systems offers a new perspective on how cued-retrieval plasticity may transform and update memories. Moreover, that distributed reactivations rapidly strengthened a contextual fear conditioning representation outside the HPC supports Distributed Reinstatement Theory, which argues that repeated externally triggered reinstatements is a key feature for memories shifting from being HPC dependent to independent.
